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(57)  Amethod (1000) for compacting a ceramic com-
posite material (200) includes steps of: positioning a
roller (102) in contact with a ply-surface (210) of a ply
(202) of the ceramic composite material (200), wherein
the ply (202) is positioned on a compaction-surface
(104); applying a compaction pressure (114) to the ply
(202) using the roller (102) such that the contact pressure
(114) is substantially uniformly distributed on the ply
(202); and with the roller (102) in contact with the ply-
surface (210) and applying the compaction pressure
(114), moving the roller (102) across the ply (202) to
conform the ply (202) to the compaction-surface (104).
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Description

[0001] The present disclosure relates generally to
composite manufacturing and, more particularly, to man-
ufacturing non-polymer composite structures, such as
ceramic matrix composites, and, more particularly, to
systems and methods for compacting ceramic matrix
composite materials.

[0002] Currently, compaction of ceramic matrix com-
posite plies on layup tools is a manual operation per-
formed using hand pressure, sweeping, and vacuum
bagging techniques. This results in variable quality and
inconsistencies in the compaction. These manual opera-
tions require skilled technicians, are time intensive, re-
quire inspection and rework, and lead to overall in-
creased life cycle time for compaction of the ceramic
matrix composite ply on the layup tool. Accordingly, those
skilled in the art continue with research and development
efforts in ceramic matrix composite manufacturing.
[0003] The abstract of FR 3 133 334 A1 states: "The
invention relates to a deposition roller of fibrous struc-
tures comprising a non-deformable core centered on the
axis of rotation of said roller, characterised in that the
roller further comprises a deformable outer skin held
concentrically around the core by a layer of deformable
material interposed between said skin and said core in
the absence of application of pressure by the roller, the
roller further comprising at least one sensor capable of
measuring the distance or a variation in the distance
between the skin and the core".

[0004] The abstractof US 2014/190629 A1 states: "An
induction heating compaction system is provided. The
system includes an induction heating member and a
compaction member. The induction heating member is
configured to generate an electromagnetic field at a
select frequency. The select frequency causes at least
one of the fibers and matrix in pre-preg material to heat
up. The compaction member has at least a portion that is
made from a material that is transparent to the select
frequency of the electromagnetic field generated by the
induction heating member. The compaction member in-
cludes a cooling assembly that is configured and ar-
ranged to extract heat from the pre-preg material while
compacting the pre-preg material".

[0005] The abstract of US 2014/018057 A1 states:
"method for producing a ceramic matrix composite part,
includes forming a fiber preform from a plurality of fibrous
structures including core-shell particles, the core-shell
particles including a core portion formed by a core of
ceramic material and a shell formed by an adhesive layer,
the adhesive defining an outer surface of the core-shell
particles and completely coating the core of ceramic
material, and sintering the core-shell particles in the fiber
preform obtained in order to form the ceramic matrix in
the porosity thereof.

[0006] The abstract of 2017/274636 A1 states: "A de-
vice for the placement of material on a surface includes a
housing, a motor coupled to the housing, and a driving
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component coupled to the housing and powered by the
motor. The device further includes at least one guide
chute defining a guide channel with the driving compo-
nent. The device further includes a layup roller coupled to
the housing adjacent the guide channel. The layup roller
includes a roller surface and the guide channel is con-
figured to discharge a quantity of material to the roller
surface. The layup roller is configured to deposit the
material onto the surface".

[0007] Disclosed are examples of a method for com-
pacting a ceramic composite material and a system for
compacting a ceramic composite material. The following
is a non-exhaustive list of examples, which may or may
not be claimed, of the subject matter according to the
present disclosure.

[0008] In an example, the disclosed method includes
steps of: (1) positioning a roller in contact with a ply-
surface of a ply of the ceramic composite material, where-
in the ply is positioned on a compaction-surface; (2)
applying a compaction pressure to the ply using the roller
such that the contact pressure is substantially uniformly
distributed on the ply; and (3) with the roller in contact with
the ply-surface and applying the compaction pressure,
moving the roller across the ply to conform the ply to the
compaction-surface and to maintain a desired thickness
of the ply of the ceramic composite material.

[0009] In another example, the disclosed method in-
cludes steps of: (1) positioning a ply of ceramic composite
material on a compaction-surface, wherein the ply of the
ceramic composite material includes a ceramic reinfor-
cement and a ceramic matrix; (2) positioning a roller in
contact with a ply-surface of the ply; (3) applying a
compaction pressure to the ply using the roller, wherein
the compaction pressure is substantially uniform along a
contact-interface between the roller and the ply; and (4)
with the roller in contact with the ply-surface and applying
the compaction pressure, moving the roller across the ply
to conform the ply to the compaction-surface and to
maintain a desired thickness of the ply of the ceramic
composite material. This aspect or example may be
combined with another of the described aspects/exam-
ples or may be provided as a separate aspect that is
independent from the other described aspects/exam-
ples.

[0010] Inan example, the disclosed system includes a
roller including a core and a covering surrounding the
core. The covering is selected such that a compaction
pressure applied to a ply of the ceramic composite ma-
terial is uniform along a contact-interface between the
roller and the ply.

[0011] Other examples of the system and the method
will become apparent from the following detailed descrip-
tion, the accompanying drawings, and the appended
claims.

Fig. 1is aflow diagram of an example of a method for
compacting a ceramic composite material;
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Fig. 2 is a schematic block diagram of an example of
a system for compacting a ceramic composite ma-
terial;

Fig. 3 is a schematic illustration of an example of the
system;

Fig. 4 is a schematic illustration of an example of a
roller of the system;

Fig. 5 is a schematic illustration of an example of a
portion of the system;

Fig. 6 is a schematic illustration of an example of a
portion of the system;

Fig. 7 is a graphical representation of a compaction
pressure along a contact-interface between the roll-
er and a ply of ceramic composite material;

Fig. 8 is a schematic illustration of an example of a
portion of the system;

Fig. 9 is a schematic illustration of an example of a
portion of the system;

Fig. 10 is a flow diagram of an example of an aircraft
manufacturing and service method; and

Fig. 11 is a schematic block diagram of an example of
an aircraft.

[0012] Referring generally to Figs. 1-9, by way of ex-
amples, the present disclosure is directed to a method
1000 and a system 100 for compacting a ceramic com-
posite material. The method 1000 and the system 100
facilitate improvements in ceramic matrix composite
(CMC) manufacturing by providing substantially uniform
pressure distribution to maintain a desired thickness of
the ceramic composite material, thereby preventing ma-
trix migration and/or fabric deformation. While examples
of the method 1000 and system 100 provide particular
advantages and benefits related to manufacturing cera-
mic matrix composite structures, the method 1000 and
system 100 can also be used in manufacturing other non-
polymer composite structures.

[0013] Ceramic matrix composites (CMCs) are a sub-
group of composite materials and a subgroup of cera-
mics. CMCs include ceramic fibers embedded in a cera-
mic matrix. Both the fibers and the matrix can include any
ceramic material, including carbon and carbon fibers. In
one or more examples, a ceramic composite material 200
is a ceramic matrix composite and includes a ceramic
reinforcement 204 and a ceramic matrix 208.

[0014] In one or more examples, the ceramic reinfor-
cement 204 is pre-impregnated with the ceramic matrix
208. In such examples, a ply 202 of the ceramic compo-
site material 200 can also be referred to as a CMC

10

15

20

25

30

35

40

45

50

55

prepreg.
[0015] In one or more examples, the ceramic reinfor-
cement 204 includes at least one of carbon reinforcement
fibers, silicon carbide reinforcement fibers, alumina re-
inforcement fibers, alumina silica reinforcement fibers,
aluminum nitride reinforcing fibers, silicon nitride reinfor-
cement fibers, mullite reinforcement fibers, silica/quartz
reinforcement fibers, basalt reinforcement fibers, and
zirconia reinforcement fibers. Other suitable reinforce-
ment materials are also contemplated for use as the
ceramic reinforcement 204.

[0016] In one or more examples, the ceramic matrix
208 includes at least one of a carbon matrix, a silicon
carbide matrix, an alumina matrix, an alumina silica
matrix, an aluminum nitride matrix, a silicon nitride matrix,
a mullite matrix, a geo-polymer matrix, and a zirconia
matrix. Other suitable matrix materials are also contem-
plated for use as the ceramic matrix 208.

[0017] In one or more examples, the ceramic matrix
208 includes ceramic particles 212 dispersed in a sus-
pension media 214 (e.g., fluid or other vehicle). In one or
more examples, the ceramic matrix 208 is an aqueous
suspension (e.g., the suspension media 214)includes an
aqueous media). In one or more examples, the ceramic
matrix 208 is a non-aqueous suspension (e.g., the sus-
pension media 214 includes a non-aqueous media). The
ceramic matrix 208 has various viscosities depending on
the suspension media 214 used. In one or more exam-
ples, the ceramic particles 212 include at least one of
carbon particles, silicon carbide particles, alumina parti-
cles, alumina silica particles, aluminum nitride particles,
silicon nitride particles, mullite particles, geo-polymer
particles, and zirconia particles. Other suitable materials
are also contemplated for use as the ceramic particles
212.

[0018] Typically, the reinforcement material (e.g., cera-
mic reinforcement 204) of a fabric-based ceramic matrix
composite is more brittle than the reinforcement material
of a fabric-based polymer matrix composite (PMC). Ad-
ditionally, the matrix material (e.g., ceramic matrix 208) of
a fabric-based ceramic matrix composite is less viscous
than the matrix material of a fabric-based polymer matrix
composite. As such, traditional compaction techniques
and tools used with polymer matrix composites are not
suitable for use with ceramic matrix composites.

[0019] Pick-and-Place (PnP) robotic layup of fabric-
based ceramic matrix composites (e.g., CMC prepregs)
requires ply and splice compaction during layup for re-
moving air pockets and wrinkles and to conform the
prepreg to a tool before each subsequent ply is applied.
Examples of the method 1000 and the system 100 utilize
a special roller to compact plies in a similar manner to a
smoothing process used during manual layup. In one or
more examples, the roller is integrated into a robot end
effector. In one or more examples, the system 100 and
the method 1000 provide the ability to adjust compaction
pressure during compaction forming.

[0020] A material for the roller is selected such that the
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CMC prepreg can be compacted using the roller to main-
tain the desired thickness of the prepreg without migrat-
ing the ceramic matrix or deforming the reinforcement of
the CMC prepreg. In one or more examples, several
materials are evaluated using a pressure sensor film to
determine uniform pressure distribution to maintain the
desired thickness and without migrating the ceramic
matrix or deforming a ceramic reinforcement of the
CMC prepreg, for example, using a feedback control
system. In one or more examples, results of the material
validation process facilitate down selecting of the several
materials to a closed-cell silicone foam with a medium
soft hardness of Shore A 5. The hardness of a material
can be measured with a Shore durometer (or any other
suitable device). Higher numbers on the scale indicate a
greater resistance to indentation and thus harder materi-
als. Lower numbers indicate less resistance and softer
materials. Advantageously, the compliance of the se-
lected roller material provides pressure uniformity with-
out localized high pressure peaks. The softness of the
selected roller material allows for smoothing of the CMC
prepreg while maintaining the desired thickness and
without reinforcement deformation or matrix migration,
while effectively eliminating large, trapped air bubbles.
The selected material also facilitates easy cleaning.
[0021] Itisrecognized thatautomated foam roller com-
paction, as provided by the method 1000 and the system
100 disclosed herein, is advantageous in fabric-based
CMC layup processing to provide key attributes for opti-
mal ply consolidation, thereby leading to desired material
properties. These key attributes include applying even
pressure to plies and splices; smoothing out plies and
splices to conform to a tool surface; removing large,
trapped bubbles between a ply stack to minimize voids
and porosity; evenly spreading out matrix distribution;
minimizing or eliminating ply bridging at corners and in
concave regions.

[0022] Fig.1isaflowdiagramillustratingan example of
the method 1000. Fig. 2 is a schematic block diagram of
an example of the system 100. The method 1000 and the
system 100 are applicable to automated pick-and-place
and ply consolidation of fabric-based ceramic matrix
prepreg, which results in improved part quality and re-
duced rework.

[0023] Fig. 3 schematically illustrates an example of
the system 100. The illustrated example depicts a roller
102 that is integrated with a robotic end effector 150,
which is capable of adjusting a compaction pressure 114
applied by the roller 102 during compaction forming of a
ply 202 of the ceramic composite material 200 using the
roller 102. The material of the roller 102 is selectively
tailored, and the applied compaction pressure 114 is
selectively controlled to be sufficiently high to push out
trapped air between plies, but not so high to cause matrix
migration or prepreg fabric deformation.

[0024] Fig. 4 schematically illustrates an example of
the roller 102. The method 1000 and the system 100
utilize a special compaction roller having a softness that
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is selected for compacting and forming a suspension-
based CMC prepreg without causing matrix migration
and prepreg fabric deformation.

[0025] Fig. 5 schematically illustrates an example of
the system 100. In one or more examples, the system 100
is utilized to test and validate different types of materials
for use on the roller 102. In these examples, the system
100 utilizes a pressure sensor film 144 to measure the
compaction pressure 114 applied by a test-roller 136 to a
test-compaction-surface 164. As such, various instances
of the test-roller 136 having different material character-
istics can be tested to select a desired or suitable material
for use on the roller 102 (e.g., Figs. 3 and 4), which will
uniformly apply the compaction pressure 114 on the ply
202.

[0026] Fig. 6 schematically illustrates an example of
the system 100. The illustrated example depicts compac-
tion of the ply 202 of the ceramic composite material 200
using the roller 102 by applying the compaction pressure
114 as theroller 102 moves along a compaction path 160.
Fig. 7 graphically illustrates an example of at least ap-
proximately uniform application of the compaction pres-
sure 114 by the roller 102.

[0027] Fig. 8 schematically illustrates an example of
the system 100. In one or more examples, the system 100
includes the pressure sensor film 144 to measure the
compaction pressure 114 applied by the roller 102 to the
ply 202 during compaction. In these examples, the sys-
tem 100 is configured to adjust the compaction pressure
114 in response to measurements generated by the
pressure sensor film 144 and using a feedback controller
152 (Fig. 2) such that the compaction pressure 114 is
uniformly applied by the roller 102 to the ply 202.
[0028] Fig. 9 schematically illustrates an example of
the system 100. The illustrated example depicts the roller
102 being used to compact a ply overlap splice, referred
toasasplice joint216. In the illustrated example, multiple
layers of plies have uneven ply-surfaces and at least one
of the plies has an exposed ply-edge 218. In these
examples, the material of the roller 102 is selected such
that the compaction pressure 114 is uniformly applied by
the roller 102 over the splice joint 216 of the plies.
[0029] Referring particularly to Fig. 1 and generally to
Figs. 2-9, the following are examples of the method 1000,
according to the present disclosure. In one or more
examples, the method 1000 is implemented using the
system 100 or the roller 102 (e.g., Figs. 2-9). The method
1000 includes a number of elements, steps, and/or op-
erations. Not all of the elements, steps, and/or operations
described or illustrated in one example are required in
that example. Some or all of the elements, steps, and/or
operations described orillustrated in one example can be
combined with other examples in various ways without
the need to include other elements, steps, and/or opera-
tions described in those other examples, even though
such combination or combinations are not explicitly de-
scribed or illustrated by example herein.

[0030] In one or more examples, one or more steps of
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the method 1000 is electronically controlled or computer
controlled (e.g., under direction of a computer 168). As
such, in one or more examples, the method 1000 is an
electronically-controller method or a computer-imple-
mented method.

[0031] ReferringtoFig. 1,inone or more examples, the
method 1000 includes a step of (block 1002) positioning a
ply 202 of the ceramic composite material 200 on a
compaction-surface 104. The compaction-surface 104
can have any suitable size, shape, or geometry. The
compaction-surface 104 provides the shape to which
the ply 202 and any subsequently places plies of the
ceramic composite material 200 are formed after com-
paction. In one or more examples, the compaction-sur-
face 104 is planar (e.g., substantially flat). In one or more
examples, at least a portion of the compaction-surface
104 includes a contour. In one or more examples, the ply
202 of the ceramic composite material 200 is initially
provided in a planar (e.g., substantially flat) form, such
as in the form of a sheet or a strip of the ceramic compo-
site material 200. The ply 202 can be placed on the
compaction-surface 104 using any suitable method,
such as manually or automatically using a suitable
pick-and-place end effector.

[0032] ReferringtoFig. 1,inone ormore examples, the
method 1000 includes a step of (block 1004) providing
the roller 102. The roller 102 is a compaction roller that is
utilized for compacting the ply 202 of the ceramic com-
posite material 200 on the compaction-surface 104. In
addition to compaction, a purpose of the roller 102 is to
provide controlled distortion of a fabric weave of the ply
202 (e.g., the ceramic reinforcement 204) to conformto a
surface profile shape of the compaction-surface 104,
such as a complex contour. The roller 102 is configured
to interact with the stiffness of the fiber of the ceramic
reinforcement 204 to cause a material weave of the fabric
of the ceramic reinforcement 204 to shear during place-
ment, thereby allowing some movement of the fiber in
order to conform the initially flat ply to the contour of the
compaction-surface 104. This enables the weave of the
ceramic fabric to distort to some desired, suitable, or
necessary degree as the ply 202 of the ceramic compo-
site material 200 conforms to the shape of the compac-
tion-surface 104. As will be described in more detail
herein, a material used for the roller 102 and, more
particularly, the softness/ hardness of the roller material,
a compaction force applied to the ply 202 by the roller
102, the uniformity of the compaction force applied to the
ply 202 by the roller 102, and other parameters are
selected to maintain a desired thickness of the ply 202,
to not result in migration of the ceramic matrix 208 of the
ply 202 of the ceramic composite material 200, and to not
resultin deformation of the ceramic reinforcement 204 of
the ply 202 of the ceramic composite material 200. In
other words, in various examples, the roller 102 enables
uniformity of the compaction force applied to the ply 202
by the roller 102, thereby enabling conformation of the
fabric weave of the ceramic reinforcement 204 of the ply
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202 to the compaction-surface 104 while maintaining the
desired thickness of the ply 202 but preventing migration
of the ceramic matrix 208 and/or deformation of the fabric
weave of the ceramic reinforcement 204 of the ply 202,
which results in an undesirable thickness of the ply 202.
[0033] For the purpose of the present disclosure, the
terms "conform," "conforming," "conformation," and si-
milar terms, used in association with compaction of the
ply 202 (e.g., application of the compaction pressure 114
to the ply 202) of the ceramic composite material 200,
refer to a desirable or suitable degree of distortion of the
fabric weave of the ply 202 (e.g., the ceramic reinforce-
ment 204), such as in the form of shearing of the weave
pattern, necessary to conform the ply 202 to the desired
contour of the compaction-surface 104. As an example,
the roller 102 is configured to form the material of the ply
202 onto the compaction-surface 104, whether flat or
contoured, without deforming the fabric material of the
ceramic reinforcement 204. In one or more examples,
initially the ply 202 has a generally flat configuration.
When placing the ply 202 on the compaction-surface
104, the compaction pressure 114 is applied to the ply
202 by the roller 102 such that the ply 202 conforms to the
contour (e.g., flat, curved, or any other simple or complex
contour). When conforming to a contour of the compac-
tion-surface 104, the material of the ply 202 (e.g., the
ceramic reinforcement 204) has to distort to some de-
gree, such asin the form of shearing of the weave pattern,
for example, from an at least approximately orthogonal
weave pattern into a non-orthogonal weave pattern.
[0034] For the purpose of the present disclosure, the
terms "deform," "deforming," "deformation," and similar
terms, used in association with compaction of the ply 202
(e.g., application of the compaction pressure 114 to the
ply 202) of the ceramic composite material 200, refer to
an undesirable or unsuitable degree of distortion of the
fabric weave of the ply 202 (e.g., the ceramic reinforce-
ment 204) that exceeds what is necessary for acceptable
conformance to the contour of the compaction-surface
104 or that is inadequate for acceptable conformance to
the contour of the compaction-surface 104. Examples of
such deformation of the ply 202 in response to compac-
tion include, but are not limited to, wrinkling, bubbling,
pleating, puckering, bridging, or other deformities in the
ceramic reinforcement 204.

[0035] For the purpose of the present disclosure, the
"desired thickness" of the ply 202 of the ceramic compo-
site material 200 refers to the desired thickness (e.g.,
through-thickness) of the ceramic reinforcement 204
impregnated with or embedded in the ceramic matrix
208 during or after compaction by the roller 102. Migra-
tion of the ceramic matrix 208 refers to the undesirable
spreading out of the ceramic matrix 208 in response to
the compaction pressure 114 applied to the ply 202 by the
roller 102. Thus, migration of the ceramic matrix 208
and/or deformation of the ceramic reinforcement 204
results in an undesirable thickness.

[0036] Referring to Figs. 1 and 2, in one or more ex-
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amples, the method 1000 includes a step of (block 1006)
compacting the ply 202 of the ceramic composite materi-
al 200 on the compaction-surface 104. The compacting
step (block 1006) is performed using the system 100 and,
more particularly, using the roller 102. In one or more
examples, the compaction step (block 1006) is electro-
nically controlled or computer controlled (e.g., under
direction of a computer 168). Generally, the compaction
step (block 1006) conforms the ceramic reinforcement
204 of the ply 202 to a contour 158 of the compaction-
surface 104 and maintains the desired thickness of the
ply 202 and, thus, prevents migration the ceramic matrix
208 of the ply 202 and/or deformation of the ceramic
reinforcement 204 of the ply 202.

[0037] Referring to Figs. 1 and 2, in one or more ex-
amples, the method 1000, such as the compacting step
(block 1006), includes a step of (block 1008) positioning
the roller 102 in contact with a ply-surface 210 of the ply
202 of the ceramic composite material 200. The roller 102
is positioned against the ply 202 while the ply 202 is
positioned on the compaction-surface 104. The roller
102 can be positioned by any suitable method, such as
automatically using a robotic arm, an overhead gantry,
one or more actuators, and the like or combinations
thereof, which are configured to controllably position
and move theroller 102 in three-dimensional space, such
as under the direction of a controller.

[0038] Referring to Figs. 1 and 2, in one or more ex-
amples, the method 1000, such as the compacting step
(block 1006), includes a step of (block 1012) applying the
compaction pressure 114 to the ply 202. The compaction
pressure 114 is applied using the roller 102 such that the
compaction pressure 114 is substantially uniformly dis-
tributed on the ply 202. The compaction pressure 114
refers to the compaction force applied to the ply 202 by
the roller 102 over a contact-interface 116 between a
roller-surface 120 of the roller 102 and the ply-surface
210 of the ply 202. The compaction pressure 114 can be
applied by the roller 102 by any suitable method, such as
automatically using a robotic arm, an overhead gantry,
one or more actuators, and the like or combinations
thereof, which are configured to controllably position
and move theroller 102 in three-dimensional space, such
as under the direction of a controller.

[0039] Referring to Figs. 1 and 2, in one or more ex-
amples, with the roller 102 in contact with the ply-surface
210 (block 1008) and applying the compaction pressure
114 (block 1012), the method 1000, such as the compact-
ing step (block 1006), includes a step of (block 1014)
moving the roller 102 across the ply 202 while maintain-
ing the desired thickness of the ply 202 and, thus, without
migrating the ceramic matrix 208 or deforming the cera-
mic reinforcement 204 of the ply 202 of the ceramic
composite material 200. The roller 102 is moved along
a compaction path 160. The roller 102 can be moved
across the ply-surface 210 of the ply 202 by any suitable
method, such as automatically using a robotic arm, an
overhead gantry, one or more actuators, and the like or
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combinations thereof, which are configured to controlla-
bly position and move the roller 102 in three-dimensional
space, such as under the direction of a controller.
[0040] Referring to Figs. 1 and 2, in one or more ex-
amples, the method 1000 includes a step of (block 1010)
selecting the compaction pressure 114. As an example,
the selecting step (block 1010) includes a step of select-
ing a magnitude 122 of the compaction pressure 114.
Generally, the magnitude 122 of the compaction pres-
sure 114 refers to the measurable quantity of the com-
paction force over the contact-interface 116 (e.g., area)
between the roller-surface 120 and the ply-surface 210.
The magnitude 122 of the compaction pressure 114 is
selected to remove air pockets from the ply 202, to
remove wrinkles from the ply 202, and to conform the
ply 202 to the compaction-surface 104 while moving the
roller 102 across the ply 202. The magnitude 122 of the
compaction pressure 114 is selected to permit conforma-
tion of the ply 202, such as shearing of the fabric weave of
the ceramic reinforcement 204 of the ply 202, and not
resultin deforming, such as wrinkling, bubbling, pleating,
puckering, and/or bridging of the fabric weave of the
ceramic reinforcement 204 of the ply 202, and to not
migrate the ceramic matrix 208 of the ply 202 while
moving the roller 102 across the ply 202. As such, the
compaction pressure 114 applied by the roller 102 is
selected for compacting the ply 202 of the ceramic com-
posite material 200 on the compaction-surface 104. In
addition to compaction, the selected magnitude 122 of
the compaction pressure 114 provides controlled con-
formation (e.g., shearing) without deformation (e.g.,
wrinkling) of the fabric weave of the ply 202 (e.g., the
ceramic reinforcement 204) to conform to a surface
profile shape of the compaction-surface 104, such as a
complex contour. The compaction pressure 114, along
with the roller material selected for the roller 102, are
configured to interact with the stiffness of the fiber of the
ceramic reinforcement 204 to cause a material weave of
the fabric of the ceramic reinforcement 204 to shear
during placement, thereby allowing some movement of
the fiber in order to conform the initially flat ply to the
contour of the compaction-surface 104. This enables the
weave of the ceramic fabric to distort to a desired or
necessary degree as the ply 202 of the ceramic compo-
site material 200 conforms to the shape of the compac-
tion-surface 104 but not distort to a degree that exceeds
what is necessary for acceptable conformance to the
contour of the compaction-surface 104.

[0041] Referring to Figs. 2 and 3, in one or more ex-
amples, according to the method 1000, the compaction-
surface 104 includes or takes the form of a tool-surface
108 of atool 106. The tool 106 includes any suitable layup
tool, forming tool, mandrel tool, and the like, which is
configured to support and provide the underlying shape
foralayup of a plurality of plies (e.g., stack) of the ceramic
composite material 200. In one or more examples, the
tool-surface 108 is planar (e.g., substantially flat). In one
or more examples, at least a portion of the tool-surface
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108 includes a contour.

[0042] Referring to Figs. 2 and 3, in one or more ex-
amples, according to the method 1000, the compaction-
surface 104 includes or takes the form of a prior-ply-
surface 112 of a prior-ply 110 of the ceramic composite
material 200. The prior-ply 110 refers to a ply of the
ceramic composite material 200 that has previously been
placed and compacted on the tool 106. In one or more
examples, the prior-ply-surface 112 is planar (e.g., sub-
stantially flat). In one or more examples, atleast a portion
of the prior-ply-surface 112 includes a contour.

[0043] Referring to Figs. 2, 6 and 7, in one or more
examples, according to the method 1000, the compac-
tion pressure 114 is uniform along the contact-interface
116 between the roller-surface 120 of the roller 102 and
the ply-surface 210 of the ply 202. The roller 102 is
configured to apply the compaction pressure 114 uni-
formly over the contact interface 116 for any expected
surface contour, such as flat surfaces, curved surfaces,
or any other contoured surface. Accordingly, the roller
102 is configured to be compliant to the surface profile
shape of the compaction-surface 104 over any surface
contour without significant variation in pressure distribu-
tion. In one or more examples, the contact-interface 116
is defined by or corresponds to a width W of the roller 102.
Generally, and as illustrated in Fig. 7, uniformity of the
compaction pressure 114 along the contact-interface 116
refers to a degree of a variation 118 in the compaction
pressure 114 along the contact-interface 116 during com-
paction of the ply 202 (block 1006). The variation 118
refers to a change or difference in the compaction pres-
sure 114 within the area formed by the contact-interface
116 between the roller-surface 120 of the roller 102 and
the ply-surface 210 of the ply 202 while moving the roller
102 along or in the direction of the compaction path 160.
In one or more examples, compression of the material of
the roller 102, such as a relatively soft material, provides
a compaction force that will naturally introduce some
variation depending on the amount the roller 102 com-
presses at any point along the contact-interface 116 and
the stiffness of the material of the roller 102. As will be
described in greater detail herein, the material of the roller
102 is selected such that the compaction pressure 114
applied to the ply 202 by the roller 102 is at least approxi-
mately uniform along the contact-interface 116.

[0044] Referring to Figs. 2 and 7, in one or more ex-
amples, according to the method 1000, the variation 118
in the compaction pressure 114 along the contact-inter-
face 116 is less than 34.4748 kPa (5 PSI). In one or more
examples, according to the method 1000, the variation
118 in the compaction pressure 114 along the contact-
interface 116 is less than 20.6843 kPa (3 PSI). In one or
more examples, according to the method 1000, the var-
iation 118 in the compaction pressure 114 along the
contact-interface 116 is less than 6.8948 kPa (1 PSI).
[0045] Referring to Figs. 2 and 4-6, in one or more
examples, according to the method 1000, the roller 102
includes acore 124 and a covering 126. The covering 126
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surrounds the core 124. In one or more examples, the
core 124 is solid. In one or more examples, the core 124 is
hollow. The core 124 can be made of any one of a variety
of suitable materials or combinations thereof. The cover-
ing 126 can be made of any one of a variety of suitable
materials or combinations thereof.

[0046] Referring to Fig. 2, in one or more examples,
according to the method 1000, the covering 126 includes
foam 128. The foam 128 being selected as the material
for the covering 126 of the roller 102 provides a relatively
soft material that enables the compaction pressure 114
applied to the ply 202 by the roller 102 to be at least
approximately uniform along the contact-interface 116,
over the expected range of surface contours.

[0047] Referring to Fig. 2, in one or more examples,
according to the method 1000, the foam 128 includes
closed-cell foam 130. The closed-cell foam 130 being
selected as the material for the covering 126 of the roller
102 provides a relatively soft material that enables the
compaction pressure 114 applied to the ply 202 by the
roller 102 to be at least approximately uniform along the
contact-interface 116. The closed-cell foam 130 as the
material for the covering 126 of the roller 102 also pro-
vides the roller-surface 120 of the roller 102 that is
resistant or impermeable to the ceramic matrix 208 of
the ceramic composite material 200.

[0048] Referring to Fig. 2, in one or more examples,
according to the method 1000, the covering 126 includes
an inflatable bladder 132. The inflatable bladder 132
being selected as the material for the covering 126 of
the roller 102 provides a relatively soft material that
enables the compaction pressure 114 applied to the
ply 202 by the roller 102 to be at least approximately
uniform along the contact-interface 116. The inflatable
bladder 132 being selected as the material for the cover-
ing 126 of the roller 102 also provides the roller-surface
120 oftheroller 102 thatis resistant orimpermeable to the
ceramic matrix 208 of the ceramic composite material
200. The inflatable bladder 132 being selected as the
material for the covering 126 of the roller 102 also en-
ables selective control over the softness and hardness of
the roller 102 by varying an internal pressure of the
inflatable bladder 132 without needing to replace the
roller 102.

[0049] Referring to Fig. 2, in one or more examples,
according to the method 1000, the covering 126 is im-
permeable. The impermeable material being selected for
the covering 126 of the roller 102 provides the roller-
surface 120 of the roller 102 that is impermeable to the
ceramic matrix 208 of the ceramic composite material
200.

[0050] Referring to Fig. 2, in one or more examples,
according to the method 1000, the covering 126 includes
a Shore A hardness of between approximately 1 and 10.
In one or more examples, according to the method 1000,
the covering 126 includes a Shore A hardness of between
approximately 3 and 7. In one or more examples, accord-
ing to the method 1000, the covering 126 includes a
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Shore A hardness of approximately 5. It has been de-
termined through testing and validation that selecting and
using a material for the covering 126 that has a Shore A
hardness of between approximately 1 and 10, such as
between approximately 3 and 7, such as approximately
5, enables the compaction pressure 114 applied to the ply
202 by the roller 102 to be at least approximately uniform
along the contact-interface 116, for example, such that
the variation 118 in the compaction pressure 114 along
the contact-interface 116 is less than 34.4748 kPa (5
PSI), such as less than 20.6843 kPa (3 PSl), such as less
than 6.8948 kPa (1 PSI).

[0051] Referring to Fig. 2, in one or more examples,
according to the method 1000, the covering 126 includes
silicone, such as a closed cell silicone foam or an infla-
table silicone bladder. In one or more examples, accord-
ing to the method 1000, the covering 126 includes ur-
ethane, such as a closed cell urethane foam or an in-
flatable urethane bladder. In one or more examples,
according to the method 1000, the covering 126 includes
polyurethane, such as a closed cell polyurethane foam or
an inflatable polyurethane bladder. In one or more ex-
amples, according to the method 1000, the covering 126
includes latex, such as a closed cell latex foam or an
inflatable latex bladder.

[0052] Referring to Figs. 1 and 2, in one or more ex-
amples, the method 1000 includes a step of (block 1016)
selecting a covering-material 134 for the covering 126.
The covering-material 134 is selected such that the
compaction pressure 114 is uniform along the contact-
interface 116 between the roller 102 and the ply 202 when
moving the roller 102 across the ply 202 (block 1014).
[0053] Referring to Figs. 1 and 2, in one or more ex-
amples, according to the method 1000, the covering-
material 134 is selected such that the variation 118 in
the compaction pressure 114 along the contact-interface
116 is less than 34.4748 kPa (5 PSI). In one or more
examples, according to the method 1000, the covering-
material 134 is selected such that the variation 118 in the
compaction pressure 114 along the contact-interface 116
is less than 20,6843 kPa (3 PSI). In one or more exam-
ples, according to the method 1000, the covering-materi-
al 134 is selected such that a variation 118 in the com-
paction pressure 114 along the contact-interface 116 is
less than 6.8948 kPa (1 PSI).

[0054] Referring to Figs. 1 and 2, in one or more ex-
amples, the method 1000, such as the selecting step
(block 1016) includes a step of (block 1018) providing a
test-roller 136. The test-roller 136 includes a test-core
138 and a test-covering 140 that surrounds the test-core
138. The test-covering 140 includes a test-covering-ma-
terial 142. In these examples, the test-covering-material
142 is selected from various material options having
different material compositions (e.g., silicone, urethane,
polyurethane, latex, etc.), different material structures
(e.g., foam, closed cell foam, inflatable bladder, etc.),
different hardness (e.g.., Shore A hardness between
approximately 1 and 10, Shore A hardness between
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approximately 3 and 7, Shore A hardness of approxi-
mately 5, etc.) and the like.

[0055] Referring to Figs. 1, 2, 5and 7, in one or more
examples, the method 1000, such as the selecting step
(block 1016), includes a step of (block 1020) positioning
the test-roller 136 in contact with a pressure sensor film
144. The pressure sensor film 144 includes or takes the
form of any suitable tactile pressure sensor that is con-
figured or otherwise operates to measure force and
pressure distribution between contacting surfaces, in-
cluding flat or contoured surfaces. In one or more exam-
ples, the pressure sensor film 144 utilizes a thin and
flexible sensor positioned between a test-roller-surface
162 and the test-roller 136 and an underlying test-com-
paction-surface 164 and the feedback controller 152 to
measure and map the interface pressure (e.g., Fig. 7)
between the test-roller 136 and the underlying test-com-
paction-surface 164 while moving the test-roller 136
across the pressure sensor film 144. The resulting pres-
sure data 166 (e.g., as illustrated in Fig. 7) generated by
the pressure sensor film 144 can be analyzed using
computational analysis tools or other software applica-
tions and programs that offer insights to enhance material
selection, movement speed, compaction pressure, pres-
sure uniformity, and the like. Therefore, the measuring of
the compaction pressure contributes to better insights for
one or more of the aforementioned aspects, for example.
This enables improving the compacting process.
[0056] Referring to Figs. 1, 2 and 5, in one or more
examples, the method 1000, such as the selecting step
(block 1016), includes a step of (block 1022) applying the
compaction pressure 114 to the pressure sensor film 144
using the test-roller 136.

[0057] Referring to Figs. 1, 2 and 5, in one or more
examples, with the test-roller 136 in contact with the
pressure sensor film 144 (block 1020) and applying the
compaction pressure 114 (block 1022), the method 1000,
such as the selecting step (block 1016), includes a step of
(block 1024) moving the test-roller 136 across the pres-
sure sensor film 144.

[0058] Referring to Figs. 1, 2 and 5, in one or more
examples, the method 1000, such as the selecting step
(block 1016), includes a step of (block 1026) measuring
the compaction pressure 114 while moving the test-roller
136 across the pressure sensor film 144 in the direction of
the compaction path 160. The compaction pressure 114
is measured using the pressure sensor film 144, which
provides the pressure data 166 that is analyzed, for
example, by a computer 168.

[0059] Referring to Figs. 1 and 2, in one or more ex-
amples, the method 1000, such as the selecting step
(block 1016), includes a step of (block 1028) determining
whether the compaction pressure 114 is uniform along a
test-contact-interface 146 between the test-roller 136
and the pressure sensor film 144 when moving the
test-roller 136 across the pressure sensor film 144.
[0060] Referring to Figs. 1 and 2, in one or more ex-
amples, the method 1000, such as the selecting step
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(block 1016), includes a step of (block 1030) validating
the test-covering-material 142 when the compaction
pressure 114 is uniform along the test-contact-interface
146. In cases in which the test-covering-material 142
being tested provides the compaction pressure 114 that
is not uniform (e.g., the variation 118 is greater than a
desired threshold) along the test-contact-interface 146,
thatinstance of the test-covering-material 142 is deemed
unsatisfactory for the covering-material 134 to be used
for the roller 102. In cases in which the test-covering-
material 142 being tested provides the compaction pres-
sure 114 thatis uniform (e.g., the variation 118 is less than
or equal to a desired threshold) along the test-contact-
interface 146, that instance of the test-covering-material
142 is deemed satisfactory for the covering-material 134
to be used for the roller 102.

[0061] Referring to Fig. 1, in one or more examples,
according to the method 1000, the selecting step (block
1016) can be performed (e.g., repeated) any number of
times for any number of different types or variations on
the test-covering-material 142 until one or more are
validated as satisfactory for use as the covering-material
134 of the roller 102.

[0062] Referring to Figs. 1 and 2, in one or more ex-
amples, according to the method 1000, such as the
validation step (block 1030), the compaction pressure
114 is determined as uniform when the variation 118 in
the compaction pressure 114 along the test-contact-in-
terface 146 is less than 34.4748 kPa (5 PSI). In one or
more examples, according to the method 1000, such as
the validation step (block 1030), the compaction pressure
114 is determined as uniform when the variation 118 in
the compaction pressure 114 along the test-contact-in-
terface 146 is less than 20,6843 kPa (3 PSI). In one or
more examples, according to the method 1000, such as
the validation step (block 1030), the compaction pressure
114 is determined as uniform when the variation 118 in
the compaction pressure 114 along the test-contact-in-
terface 146 is less than 6.8948 kPa (1 PSI).

[0063] Referring to Figs. 1, 2 and 8, in one or more
examples, the method 1000 includes a step of (block
1032) measuring the compaction pressure 114 while
compacting the ply 202 (block 1006), such as while
moving the roller 102 across the ply 202 (block 1014).
The compaction pressure 114 is measured (block 1032)
using the pressure sensor film 144, which provides the
pressure data 166 that is analyzed, for example, by the
computer 168.

[0064] Referring to Figs. 1, 2 and 8, in one or more
examples, the method 1000 includes a step of (block
1046) adjusting the compaction pressure 114 in re-
sponse to the measuring (block 1032) when the compac-
tion pressure 114 is not uniform along the contact-inter-
face 116 between the roller 102 and the ply 202. In one or
more examples, the pressure sensor film 144 utilizes a
thin and flexible sensor positioned between the roller-
surface 120 of the roller 102 and an underlying instance
of the ply 202 and the feedback controller 152 to measure
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and map the interface pressure (e.g., Fig. 7) between the
roller 102 and the ply 202 while moving the roller 102
across the pressure sensor film 144. The resulting pres-
sure data 166 (e.g., as illustrated in Fig. 7) generated by
the pressure sensor film 144 can be analyzed using
computational analysis tools or other software applica-
tions and programs to adjust the compaction pressure
114.

[0065] Referring to Figs. 1, 2 and 8, in one or more
examples, the method 1000, such as the measuring step
(block 1032), includes a step of (block 1034) positioning
the pressure sensor film 144 in contact with the ply-sur-
face 210 of the ply 202.

[0066] Referring to Figs. 1, 2 and 8, in one or more
examples, the method 1000, such as the measuring step
(block 1032), includes a step of (block 1036) positioning
the roller 102 in contact with the pressure sensor film 144.
In one or more examples, when measuring the compac-
tion pressure 114 (block 1032), the positioning step
(block 1036) takes the place of or represents the posi-
tioning step (block 1008) during compaction.

[0067] Referring to Figs. 1, 2 and 8, in one or more
examples, the method 1000, such as the measuring step
(block 1032), includes a step of (block 1038) applying the
compaction pressure 114 to the pressure sensor film 144
(e.g., tothe ply 202 through the pressure sensor film 144)
using the roller 102. In one or more examples, when
measuring the compaction pressure 114 (block 1032),
the applying step (block 1038) takes the place of or
represents the applying step (block 1012) during com-
paction.

[0068] Referring to Figs. 1, 2 and 8, in one or more
examples, with the roller 102 in contact with the pressure
sensor film 144 (block 1036) and applying the compac-
tion pressure 114 (block 1038), the method 1000, such as
the measuring step (block 1032), includes a step of (block
1040) moving the roller 102 across the pressure sensor
film 144. In one or more examples, when measuring the
compaction pressure 114 (block 1032), the moving step
(block 1040) takes the place of or represents the moving
step (block 1014) during compaction.

[0069] Referring to Figs. 1, 2 and 8, in one or more
examples, the method 1000, such as the measuring step
(block 1032), includes a step of (block 1042) measuring
the compaction pressure 114 while moving the roller 102
across the pressure sensor film 144 (block 1040).
[0070] Referring to Figs. 1, 2 and 8, in one or more
examples, the method 1000, such as the measuring step
(block 1032), includes a step of (block 1044) determining
whether the compaction pressure 114 is uniform along
the contact-interface 116 between the roller 102 and the
pressure sensor film 144 when moving the roller 102
across the pressure sensor film 144 (block 1040). In
cases in which the compaction pressure 114 is deter-
mined to be uniform (e.g., the variation 118 is less than or
equal to a desired threshold) along the contact-interface
116, the compacting (block 1006) continues by further
moving the roller 102 along the compaction path 160. In
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cases in which the compaction pressure 114 is deter-
mined to be not uniform (e.g., the variation 118 is greater
than a desired threshold) along the contact-interface 116,
the compaction pressure 114 is adjusted (block 1046).
[0071] Referring to Fig. 1, accordingly, in one or more
examples, the method 1000 for compacting the ceramic
composite material 200 includes a step of positioning the
ply 202 of the ceramic composite material 200 on the
compaction-surface 104. The ply 202 of the ceramic
composite material 200 includes the ceramic reinforce-
ment 204 and the ceramic matrix 208. The method 1000
includes a step of positioning the roller 102 in contact with
the ply-surface 210 of the ply 202. The method 1000
includes a step of applying the compaction pressure 114
to the ply 202 using the roller 102. The compaction
pressure 114 is substantially uniform along the contact-
interface 116 between the roller 102 and the ply 202. With
the roller 102 in contact with the ply-surface 210 and
applying the compaction pressure 114, the method 1000
includes a step of moving the roller 102 across the ply 202
while maintaining the desired thickness of the ply 202
and, thus, without migration of the ceramic matrix 208 or
deformation of the ceramic reinforcement 204 of the ply
202 of the ceramic composite material 200.

[0072] Referring to Figs. 1 and 2, in one or more ex-
amples, the method 1000 includes a step of providing the
roller 102. The roller 102 includes the core 124. The roller
102 includes the covering 126 that surrounds the core
124. The covering 126 includes the closed-cell foam 130.
The closed-cell foam 130 includes a Shore A hardness of
approximately 5.

[0073] Referring now to Figs. 2-8, the following are
examples of the system 100, according to the present
disclosure. The system 100 includes a number of ele-
ments, features, and components. Not all of the ele-
ments, features, and/or components described or illu-
strated in one example are required in that example.
Some orall of the elements, features, and/or components
described or illustrated in one example can be combined
with other examples in various ways without the need to
include other elements, features, and/or components
described in those other examples, even though such
combination or combinations are not explicitly described
or illustrated by example herein.

[0074] Referring now to Figs. 2-4, 6 and 7, in one or
more examples, the system 100 includes the roller 102.
The roller 102 includes the core 124 and the covering 126
surrounding the core 124. The covering 126 is selected
such that the compaction pressure 114 applied to the ply
202 of the ceramic composite material 200 is uniform
along the contact-interface 116 between the roller 102
and the ply 202.

[0075] Referring now to Figs. 2 and 3, in one or more
examples, the system 100 includes a robotic manipulator
148. In one or more examples, the robotic manipulator
148 includes a robotic arm 154 and an end effector 150
thatis coupled to an end of the robotic arm 154. The roller
102 is coupled to the end effector 150. In one or more
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examples, the robotic manipulator 148 positions the roller
102 in contact with the ply-surface 210 of the ply 202 of
the ceramic composite material 200, which is positioned
on the compaction-surface 104. In one or more exam-
ples, the robotic arm 154 positions the roller 102 in
relatively close proximity to the ply-surface 210 of the
ply 202 and the end effector 150 positions the roller 102 in
contact with the ply-surface 210 of the ply 202. As an
example, the robotic manipulator 148, such as the end
effector 150, includes at least one actuator 156 that is
configured to move the roller 102 relative to the robotic
arm 154 and/or the end effector 150 and to position the
roller 102 in contact with the ply-surface 210 of the ply
202.

[0076] Referring now to Figs. 2 and 3, in one or more
examples, the robotic manipulator 148 applies the com-
paction pressure 114 to the ply 202 using the roller 102. In
one or more examples, the robotic arm 154 moves the
roller 102 relative to the compaction-surface 104 to apply
the compaction pressure 114 to the ply 202. In one or
more examples, the end effector 150 moves the roller 102
relative to the compaction-surface 104 to apply the com-
paction pressure 114 to the ply 202. As an example, the
robotic manipulator 148, such as the end effector 150,
includes at least one actuator 156 that is configured to
move the roller 102 relative to the robotic arm 154 and/or
the end effector 150 and to apply the compaction pres-
sure 114 on the ply 202 using the roller 102.

[0077] Referring now to Figs. 2 and 3, in one or more
examples, with the roller 102 in contact with the ply-
surface 210 and applying the compaction pressure
114, the robotic manipulator 148 moves the roller 102
across the ply 202. In one or more examples, the robotic
arm 154 moves the roller 102 in the compaction path 160
across the ply 202 while the compaction pressure 114 is
being applied to the ply 202. In one or more examples, the
end effector 150 moves the roller 102 in the compaction
path 160 across the ply 202 while the compaction pres-
sure 114 is being applied to the ply 202. As an example,
the robotic manipulator 148, such as the end effector 150,
includes at least one actuator 156 that is configured to
move the roller 102 and to apply the compaction pressure
114 on the ply 202 using the roller 102.

[0078] Referring now to Figs. 2 and 3, in one or more
examples, the system 100 includes the tool 106. The tool
106 includes the tool-surface 108. With the roller 102 in
contact with the ply-surface 210 and applying the com-
paction pressure 114, movement of the roller 102 across
the ply 202 conforms the ply 202 to the tool-surface 108.
[0079] Referring now to Figs. 2 and 3, in one or more
examples, the tool-surface 108 includes a contour 158. In
one or more examples, the contour 158 is a complex
contour in which the tool-surface 108 has a curvature in
more than one axial direction.

[0080] Referring now to Figs. 2 and 3, in one or more
examples, at least a portion of the compaction-surface
104 is formed by the tool-surface 108.

[0081] Referring now to Figs. 2 and 3, in one or more
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examples, at least a portion of the compaction-surface
104 is formed by the prior-ply-surface 210 of the prior-ply
110 of the ceramic composite material 200 positioned on
the tool 106.

[0082] ReferringtoFig.2,inoneormore examples, the
covering 126 includes the foam 128.In one or more
examples, the covering 126 includes the closed-cell foam
130. In one or more examples, the covering 126 includes
an inflatable bladder 132. In one or more examples, the
covering 126 is impermeable.

[0083] ReferringtoFig.2,inoneormore examples, the
covering 126 includes a Shore A hardness of between
approximately 1 and 10. In one or more examples, the
covering 126 includes the Shore A hardness of between
approximately 3 and 7. In one or more examples, the
covering 126 includes the Shore A hardness of approxi-
mately 5.

[0084] ReferringtoFig.2,in one ormore examples, the
covering 126 includes at least one of silicone, urethane,
polyurethane, latex, and the like.

[0085] Referring to Figs. 2, 6 and 7, in one or more
examples, the covering 126 includes the covering-mate-
rial 134. In one or more examples, the covering-material
134 is selected such that the variation 118 in the compac-
tion pressure 114 along the contact-interface 116 is less
than 34.4748 kPa (5 PSI). In one or more examples, the
covering-material 134 is selected such that the variation
118 in the compaction pressure 114 along the contact-
interface 116 is less than 20,6843 kPa (3 PSI). In one or
more examples, the covering-material 134 is selected
such that the variation 118 in the compaction pressure
114 along the contact-interface 116 is less than 6.8948
kPa (1 PSI).

[0086] Referring to Figs. 2 and 5-7, in one or more
examples, the covering-material 134 is validated using
the pressure sensor film 144. In these examples, the
pressure sensor film 144 generates the pressure data
166, which is transmitted to the computer 168, such as
the feedback controller 152, for analysis.

[0087] Referring to Figs. 2 and 6-8, in one or more
examples, the system 100 includes the pressure sensor
film 144. The pressure sensor film 144 is configured to
measure the compaction pressure 114. In these exam-
ples, the pressure sensor film 144 generates the pres-
sure data 166, which is transmitted to the computer 168,
such as the feedback controller 152, for analysis and
adjustment of the contact-interface 116 as needed or
desired to achieve and/or maintain uniformity.

[0088] ReferringtoFig.2,inone or more examples, the
computer 168 includes any suitable data-processing
system 170 configured to received, analyze, generate,
and/or transmit various types of data, information, and/or
signals, for example, to control or otherwise provide
instructions operational components of the system 100
and/or perform the steps of the method 1000. In one or
more examples, the data-processing system 170 in-
cludes at least one processor 172 and memory 174
storing instructions (e.g., program code 176) that, when
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executed, cause the processor 172 to initiate perfor-
mance of one or more operational steps of the method
1000 or instructs the system 100 to perform one or more
operational steps of the method 1000. In one or more
examples, the processor 172 is configured to read from
and write to the memory 174. In one or more examples,
the processor 172 is configured to receive input com-
mands and provide output commands. In one or more
examples, the processor 172 is a multi-functional pro-
cessor such as, for example, a central processing unit. In
one or more examples, the functions of the processor 172
are performed by a local processor, a remote processor,
or a combination thereof. In one or more examples, the
processor 172 is implemented in hardware alone (e.g., a
circuit, a microprocessor etc.) have certain aspects in
software including firmware alone or can be a combina-
tion of hardware and software (including firmware). In
one or more examples, the processor 172 can be im-
plemented using instructions that enable hardware func-
tionality, for example, by using executable computer
program instructions (e.g., program code 176) in a gen-
eral-purpose or special-purpose processing unit that is
stored on the memory 174 or other computer readable
storage medium (e.g., disk, memory, etc.) to be executed
by the processor 172. The memory 174 stores a com-
puter program (e.g., program code 176) that includes
computer program instructions that control the operation
of the processor 172 when loaded into processing cir-
cuitry. The computer program instructions provide the
logic and routines that enable the processor 172 to per-
formthe method 1000 illustrated in Fig. 2. The processing
circuitry, by reading the memory 174, is able to load and
execute the program code 176. The program code 176
may arrive at the processor 172 via any suitable delivery
mechanism. The delivery mechanism may be, for exam-
ple, a non-transitory computer-readable storage med-
ium, a computer program product, a memory device, a
record medium such as a compact disc read-only mem-
ory (CD-ROM) or digital versatile disc (DVD), an article of
manufacture that tangibly embodies the computer pro-
gram. The delivery mechanism may be a signal config-
ured to reliably transfer the computer program. The ap-
paratus may propagate or transmit the computer pro-
gram as a computer data signal. Although the memory
174 is illustrated as a single component it may be im-
plemented as one or more separate components some or
all of which may be integrated/removable and/or may
provide permanent/semi-permanent/dynamic/cached
storage. References to "computer-readable storage
medium," "computer program product,” "tangibly embo-
died computer program," etc. or a "controller," "compu-
ter," "processor," etc. should be understood to encom-
pass not only computers having different architectures
such as single/multiprocessor architectures and sequen-
tial (Von Neumann)/parallel architectures but also spe-
cialized circuits such as field-programmable gate arrays
(FPGA), application specific circuits (ASIC), signal pro-
cessing devices and other processing circuitry. Refer-
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ences to computer program, instructions, code etc.
should be understood to encompass software for a pro-
grammable processor or firmware such as, for example,
the programmable content of a hardware device whether
instructions for a processor, or configuration settings fora
fixed-function device, gate array or programmable logic
device etc.

[0089] Referring now to Figs. 10 and 11, examples of
the method 1000 and the system 100 described herein,
may be related to, or used in the context of, the aerospace
manufacturing and service method 1100, as shown in the
flow diagram of Fig. 10 and an aircraft 1200, as schema-
tically illustrated in Fig. 11. As an example, the aircraft
1200 and/or the manufacturing and service method 1100
may include or utilize components that are manufactured
of ceramic matrix composite materials, which are com-
pacted using the system 100 and/or according to the
method 1000.

[0090] Referring to Fig. 11, which illustrates an exam-
ple of the aircraft 1200. The aircraft 1200 can be any
aerospace vehicle or platform. In one or more examples,
the aircraft 1200 includes the airframe 1202 having the
interior 1206. The aircraft 1200 includes a plurality of
onboard systems 1204 (e.g., high-level systems). Exam-
ples of the onboard systems 1204 of the aircraft 1200
include propulsion systems 1208, hydraulic systems
1212, electrical systems 1210, and environmental sys-
tems 1214. In other examples, the onboard systems
1204 also includes one or more control systems coupled
to the airframe 1202 of the aircraft 1200. In yet other
examples, the onboard systems 1204 also include one or
more other systems, such as, but not limited to, commu-
nications systems, avionics systems, software distribu-
tion systems, network communications systems, pas-
senger information/entertainment systems, guidance
systems, radar systems, weapons systems, and the like.
The aircraft 1200 can have any number of components
made of ceramic matrix composite materials, which are
compacted using the system 100 and/or according to the
method 1000.

[0091] Referring to Fig. 10, during pre-production of
the aircraft 1200, the manufacturing and service method
1100 includes specification and design of the aircraft
1200 (block 1102) and material procurement (block
1104). During production of the aircraft 1200, component
and subassembly manufacturing (block 1106) and sys-
tem integration (block 1108) of the aircraft 1200 take
place. Thereafter, the aircraft 1200 goes through certifi-
cation and delivery (block 1110) to be placed in service
(block 1112). Routine maintenance and service (block
1114) includes modification, reconfiguration, refurbish-
ment, etc. of one or more systems of the aircraft 1200.
[0092] Each ofthe processes of the manufacturing and
service method 1100 illustrated in Fig. 10 may be per-
formed or carried out by a system integrator, a third party,
and/or an operator (e.g., a customer). For the purposes of
this description, a system integrator may include, without
limitation, any number of aircraft manufacturers and ma-
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jor-system subcontractors; a third party may include,
without limitation, any number of vendors, subcontrac-
tors, and suppliers; and an operator may be an airline,
leasing company, military entity, service organization,
and so on.

[0093] A method (1000) for compacting a ceramic
composite material (200) comprising a ceramic reinfor-
cement (204) and a ceramic matrix (208) according to an
embodiment of the present application (see figures)
comprises the steps of positioning aroller (102) in contact
with a ply-surface (210) of a ply (202) of the ceramic
composite material (200), wherein the ply (202) is posi-
tioned on a compaction-surface (104), applying a com-
paction pressure (114) to the ply (202) using the roller
(102) such that the compaction pressure (114) is sub-
stantially uniformly distributed on the ply (202), and with
the roller (102) in contact with the ply-surface (210) and
applying the compaction pressure (114), moving the roll-
er (102) across the ply (202) to conform the ply (202) of
the ceramic composite material (200) to the compaction-
surface (104). Optionally, such method further involves
selecting a magnitude (122) of the compaction pressure
(114), wherein the magnitude (122) of the compaction
pressure (114) is selected to conform the ceramic rein-
forcement (204) of the ply (202) to a contour (158) of the
compaction-surface (104) and maintain a desired thick-
ness of the ply (202) while moving the roller (102) across
the ply (202). Also optionally, with the roller (102) in
contact with the ply-surface (210), adjusting the magni-
tude (122) of the compaction pressure (114) can be
performed using a feedback controller (152).

[0094] In an illustrated embodiment the ceramic rein-
forcement (204) comprises at least one of carbon rein-
forcement fibers, silicon carbide reinforcement fibers,
alumina reinforcement fibers, alumina silica reinforce-
ment fibers, aluminum nitride reinforcing fibers, silicon
nitride reinforcement fibers, mullite reinforcement fibers,
silica/quartz reinforcement fibers, basalt reinforcement
fibers, and zirconia reinforcement fibers. In combination
with such specific ceramic reinforcement (204) or as a
separate aspect the ceramic matrix (208) may comprise
atleastone of a carbon matrix, a silicon carbide matrix, an
alumina matrix, an alumina silica matrix, an aluminum
nitride matrix, a silicon nitride matrix, a mullite matrix, a
geo-polymer matrix, and a zirconia matrix.

[0095] Preferably, the compaction pressure (114) is
approximately uniform along a contact-interface (116)
between the roller (102) and the ply (202) such that a
variation (118) in the compaction pressure (114) along
the contact-interface (116) is less than 34.4748 kPa (5
PSI).

[0096] Furthermore, the roller (102) preferably com-
prises a core (124), and a covering (126) surrounding the
core (124). Optionally, such method further comprises a
step of selecting a covering-material (134) for the cover-
ing (126), wherein the covering-material (134) s selected
such that the compaction pressure (114) is uniform along
a contact-interface (116) between the roller (102) and the
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ply (202) when moving the roller (102) across the ply
(202). In such method the covering-material (134) is
preferably selected such that a variation (118) in the
compaction pressure (114) along the contact-interface
(116) is less than 34.4748 kPa (5 PSl). Optionally, in such
method the step of selecting the covering-material (134)
comprises providing a test-roller (136) comprising a test-
core (138) and a test-covering (140) surrounding the test-
core (138), the test-covering (140) comprising a test-
covering-material (142), positioning the test-roller (136)
in contact with a pressure sensor film (144), applying the
compaction pressure (114) to the pressure sensor film
(144) using the test-roller (136) with the test-roller (136) in
contact with the pressure sensor film (144) and applying
the compaction pressure (114), moving the test-roller
(136) across the pressure sensor film (144), measuring
the compaction pressure (114) while moving the test-
roller (136) across the pressure sensor film (144), deter-
mining whether the compaction pressure (114) is uniform
along a test-contact-interface (146) between the test-
roller (136) and the pressure sensor film (144) when
moving the test-roller (136) across the pressure sensor
film (144), and validating the test-covering-material (142)
when the compaction pressure (114) is uniform along the
test-contact-interface (146), and the compaction pres-
sure (114) is determined as uniform when a variation
(118) in the compaction pressure (114) along the test-
contact-interface (146) is less than 34.4748 kPa (5 PSI).
Providing test-roller (136) enables an effective means for
determining the compaction pressure. The measuring of
the compaction pressure with such test-roller contributes
to better insights for one or more of enhancement of
material selection, movement speed, compaction pres-
sure, pressure uniformity, and the like. This enables
improving the compacting process. This test-roller (13)
can be applied in combination with or without the applica-
tion of pressure sensor film (144), for example..

[0097] As a further step method (1000) may further
comprises measuring the compaction pressure (114)
while moving the roller (102) across the ply (202), and
adjusting the compaction pressure (114) in response to
the measuring when the compaction pressure (114)is not
uniform along a contact-interface (116) between the roller
(102) and the ply (202). Optionally, in such method, the
step of measuring the compaction pressure (114) com-
prises positioning a pressure sensor film (144) in contact
with the ply-surface (210) of the ply (202), positioning the
roller (102) in contact with the pressure sensor film (144),
applying the compaction pressure (114) to the pressure
sensor film (144) using the roller (102), with the roller
(102) in contact with the pressure sensor film (144) and
applying the compaction pressure (114), moving the roll-
er(102)across the pressure sensorfilm (144), measuring
the compaction pressure (114) while moving the roller
(102) across the pressure sensor film (144); determining
whetherthe compaction pressure (114)is uniformalong a
contact-interface (116) between the roller (102) and the
pressure sensor film (144) when moving the roller (102)
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across the pressure sensor film (144), and the compac-
tion pressure (114) is determined as uniform when a
variation (118) in the compaction pressure (114) along
the contact-interface (116) is less than 34.4748 kPa (5
PSI). The measuring of the compaction pressure con-
tributes to better insights for one or more of enhancement
of material selection, movement speed, compaction
pressure, pressure uniformity, and the like. This enables
improving the compacting process. This measuring step
and/or measuring system can be applied in combination
with or without the application of a test-roller.

[0098] Also as a further step, method (1000) may
comprise the additional step of providing the covering
(126) surrounding the core (124) with a closed-cell foam
(130) having a Shore A hardness of approximately 5.
[0099] A system (100) for compacting a ceramic com-
posite material (200) according to an embodiment of the
present application (see figures) comprises a roller (102)
comprising a core (124) and a covering (126) surround-
ing the core (124), wherein the covering (126) is selected
such that a compaction pressure (114) applied to a ply
(202) of the ceramic composite material (200) is uniform
along a contact-interface (116) between the roller (102)
and the ply (202). Preferably, the system (100) further
comprises a robotic manipulator (148) having an end
effector (150), wherein the roller (102) is coupled to the
end effector (150), the robotic manipulator (148) is con-
figured for positioning the roller (102) in contact with a ply-
surface (210) of the ply (202) of the ceramic composite
material (200) positioned on a compaction-surface (104),
the robotic manipulator (148) is configured for applying
the compaction pressure (114) to the ply (202) using the
roller (102), and with the roller (102) in contact with the
ply-surface (210) and applying the compaction pressure
(114), the robotic manipulator (148) is configured for
moving the roller (102) across the ply (202).

[0100] Preferably, the covering (126) comprises a cov-
ering-material (134), and the covering-material (134) is
selected such that a variation (118) in the compaction
pressure (114) along the contact-interface (116) is less
than 34.4748 kPa (5 PSI). Optionally, the covering (126)
comprises one of foam (128), closed-cell foam (130), or
aninflatable bladder (132). Preferably, the covering (126)
comprises a Shore A hardness of between approximately
1 and 10, more preferably between approximately 3 and
7, and most preferably the covering (126) comprises the
Shore A hardness of approximately 5. Optionally, the
covering (126) comprises at least one of silicone, ur-
ethane, polyurethane, and latex.

[0101] Examples of the method 1000 and the system
100, shown and described herein, may be employed
during any one or more of the stages of the manufacturing
and service method 1100 shown in the flow diagram
illustrated by Fig. 10. In an example, components of
the aircraft 1200 can be manufactured of ceramic matrix
composite materials compacted using the system 100
and/or according to the method 1000 during a portion of
component and subassembly manufacturing (block
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1106) and/or system integration (block 1108). Further,
components of the aircraft 1200 can be manufactured of
ceramic matrix composite materials compacted using the
system 100 and/or according to the method 1000 while
the aircraft 1200 is in service (block 1112). Also, compo-
nents of the aircraft 1200 can be manufactured of ceramic
matrix composite materials compacted using the system
100 and/or according to the method 1000 during system
integration (block 1108) and certification and delivery
(block 1110). Similarly, components of the aircraft 1200
can be manufactured of ceramic matrix composite ma-
terials compacted using the system 100 and/or according
to the method 1000 while the aircraft 1200 is in service
(block 1112) and during maintenance and service (block
1114).

[0102] The preceding detailed description refers to the
accompanying drawings, which illustrate specific exam-
ples described by the present disclosure. Other exam-
ples having different structures and operations do not
depart from the scope of the present disclosure. Like
reference numerals may refer to the same feature, ele-
ment, or component in the different drawings. Through-
out the present disclosure, any one of a plurality of items
may be referred to individually as the item and a plurality
of items may be referred to collectively as the items and
may be referred to with like reference numerals. More-
over, as used herein, a feature, element, component, or
step preceded with the word "a" or "an" should be under-
stood as not excluding a plurality of features, elements,
components, or steps, unless such exclusion is explicitly
recited.

[0103] lllustrative, non-exhaustive examples, which
may be, but are not necessarily, claimed, of the subject
matter according to the present disclosure are provided
above. Reference herein to "example" means that one or
more feature, structure, element, component, character-
istic, and/or operational step described in connection with
the example is included in at least one aspect, embodi-
ment, and/or implementation of the subject matter ac-
cording to the present disclosure. Thus, the phrases "an
example," "another example," "one or more examples,"
and similar language throughout the present disclosure
may, but do not necessarily, refer to the same example.
Further, the subject matter characterizing any one ex-
ample may, but does not necessarily, include the subject
matter characterizing any other example. Moreover, the
subject matter characterizing any one example may be,
but is not necessarily, combined with the subject matter
characterizing any other example.

[0104] As used herein, a system, apparatus, device,
structure, article, element, component, or hardware "con-
figured to" perform a specified function is indeed capable
of performing the specified function without any altera-
tion, rather than merely having potential to perform the
specified function after further modification. In other
words, the system, apparatus, device, structure, article,
element, component, or hardware "configured to" per-
form a specified function is specifically selected, created,
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implemented, utilized, programmed, and/or designed for
the purpose of performing the specified function. As used
herein, "configured to" denotes existing characteristics of
a system, apparatus, structure, article, element, compo-
nent, or hardware that enable the system, apparatus,
structure, article, element, component, or hardware to
perform the specified function without further modifica-
tion. For purposes of this disclosure, a system, appara-
tus, device, structure, article, element, component, or
hardware described as being "configured to" perform a
particular function may additionally or alternatively be
described as being "adapted to" and/or as being "opera-
tive to" perform that function.

[0105] Unless otherwise indicated, the terms "first,"
"second," "third," etc. are used herein merely as labels,
and are not intended to impose ordinal, positional, or
hierarchical requirements on the items to which these
terms refer. Moreover, reference to, e.g., a "second" item
does notrequire or preclude the existence of, e.g., a "first"
or lower-numbered item, and/or, e.g., a "third" or higher-
numbered item.

[0106] As used herein, the phrase "at least one of,"
when used with a list of items, means different combina-
tions of one or more of the listed items may be used and
only one of each item in the list may be needed. For
example, "at least one of item A, item B, and item C" may
include, without limitation, item A or item A and item B.
This example also may include item A, item B, and item C,
or item B and item C. In other examples, "at least one of
may be, for example, without limitation, two ofitem A, one
of item B, and ten of item C; four of item B and seven of
item C; and other suitable combinations. As used herein,
the term "and/or" and the "/" symbol includes any and all
combinations of one or more of the associated listed
items.

[0107] For the purpose of this disclosure, the terms
"coupled," "coupling," and similar terms refer to two or
more elements that are joined, linked, fastened, at-
tached, connected, put in communication, or otherwise
associated (e.g., mechanically, electrically, fluidly, opti-
cally, electromagnetically) with one another. In various
examples, the elements may be associated directly or
indirectly. As an example, element A may be directly
associated with element B. As another example, element
A may be indirectly associated with element B, for ex-
ample, via another element C. It will be understood that
not all associations among the various disclosed ele-
ments are necessarily represented. Accordingly, cou-
plings other than those depicted in the figures may also
exist.

[0108] As used herein, the term "approximately" refers
to or represents a condition that is close to, but not
exactly, the stated condition that still performs the desired
function or achieves the desired result. As an example,
the term "approximately" refers to a condition that is
within an acceptable predetermined tolerance or accu-
racy, such as to a condition that is within 10% of the stated
condition. However, the term "approximately" does not
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exclude a condition thatis exactly the stated condition. As
used herein, the term "substantially” refers to a condition
that is essentially the stated condition that performs the
desired function or achieves the desired result.

[0109] Figs. 2-9 and 11, referred to above, may repre-
sent functional elements, features, or components there-
of and do not necessarily imply any particular structure.
Accordingly, modifications, additions and/or omissions
may be made to the illustrated structure. Additionally,
those skilled in the art will appreciate that not all ele-
ments, features, and/or components described and illu-
strated in Figs. 2-9 and 11, referred to above, need be
included in every example and not all elements, features,
and/or components described herein are necessarily
depicted in each illustrative example. Accordingly, some
of the elements, features, and/or components described
and illustrated in Figs. 2-9 and 11 may be combined in
various ways without the need to include other features
described and illustrated in Figs. 2-9 and 11, other draw-
ing figures, and/or the accompanying disclosure, even
though such combination or combinations are not expli-
citly illustrated herein. Similarly, additional features not
limited to the examples presented, may be combined with
some or all of the features shown and described herein.
Unless otherwise explicitly stated, the schematic illustra-
tions of the examples depicted in Figs. 2-9 and 11,
referred to above, are not meant to imply structural
limitations with respect to the illustrative example.
Rather, although one illustrative structure is indicated,
it is to be understood that the structure may be modified
when appropriate. Accordingly, modifications, additions
and/or omissions may be made to the illustrated struc-
ture. Furthermore, elements, features, and/or compo-
nents that serve a similar, or at least substantially similar,
purpose are labeled with like numbers in each of Figs. 2-9
and 11, and such elements, features, and/or components
may not be discussed in detail herein with reference to
each of Figs. 2-9 and 11. Similarly, all elements, features,
and/or components may not be labeled in each of Figs.
2-9 and 11, but reference numerals associated therewith
may be utilized herein for consistency.

[0110] InFigs. 1 and 10, referred to above, the blocks
may represent operations, steps, and/or portions thereof
and lines connecting the various blocks do not imply any
particular order or dependency of the operations or por-
tions thereof. It will be understood that not all dependen-
cies among the various disclosed operations are neces-
sarily represented. Figs. 1 and 10 and the accompanying
disclosure describing the operations of the disclosed
methods set forth herein should not be interpreted as
necessarily determining a sequence in which the opera-
tions are to be performed. Rather, although one illustra-
tive order is indicated, it is to be understood that the
sequence of the operations may be modified when ap-
propriate. Accordingly, modifications, additions and/or
omissions may be made to the operations illustrated
and certain operations may be performed in a different
order or simultaneously. Additionally, those skilled in the

EP 4 563 311 A1

10

15

20

25

30

35

40

45

50

55

16

28

art will appreciate that not all operations described need
be performed.

[0111] Further, references throughout the present spe-
cification to features, advantages, or similar language
used herein do not imply that all of the features and
advantages that may be realized with the examples dis-
closed herein should be, or are in, any single example.
Rather, language referring to the features and advan-
tages is understood to mean that a specific feature,
advantage, or characteristic described in connection with
an example is included in at least one example. Thus,
discussion of features, advantages, and similar language
used throughout the present disclosure may, butdoes not
necessarily, refer to the same example.

[0112] The described features, advantages, and char-
acteristics of one example may be combined in any
suitable manner in one or more other examples. One
skilled in the relevant art will recognize that the examples
described herein may be practiced without one or more of
the specific features or advantages of a particular exam-
ple. In other instances, additional features and advan-
tages may be recognized in certain examples that may
not be present in all examples. Furthermore, although
various examples of the system 100 and the method
1000 have been shown and described, modifications
may occur to those skilled in the art upon reading the
specification. The present application includes such
modifications and is limited only by the scope of the
claims.

Claims

1. A method (1000) for compacting a ceramic compo-
site material (200) comprising a ceramic reinforce-
ment (204) and a ceramic matrix (208), the method
(1000) comprising steps of:

positioning a roller (102) in contact with a ply-
surface (210) of a ply (202) of the ceramic com-
posite material (200), wherein the ply (202) is
positioned on a compaction-surface (104);
applying a compaction pressure (114) to the ply
(202) using the roller (102) such that the com-
paction pressure (114) is substantially uniformly
distributed on the ply (202); and

with the roller (102) in contact with the ply-sur-
face (210) and applying the compaction pres-
sure (114), moving the roller (102) across the ply
(202) to conform the ply (202) of the ceramic
composite material (200) to the compaction-sur-
face (104).

further comprising providing the roller (102),
wherein the roller (102) comprises:

a core (124); and
acovering (126) surrounding the core (124),
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further comprising a step of selecting a covering-
material (134) for the covering (126), wherein
the covering-material (134) is selected such that
the compaction pressure (114) is uniform along
a contact-interface (116) between the roller
(102) and the ply (202) when moving the roller
(102) across the ply (202) wherein:

the step of selecting the covering-material
(134) comprises:

providing a test-roller (136) comprising
a test-core (138) and a test-covering
(140) surrounding the test-core (138),
the test-covering (140) comprising a
test-covering-material (142);
positioning the test-roller (136) in con-
tact with a pressure sensor film (144);
applying the compaction pressure
(114) to the pressure sensor film
(144) using the test-roller (136);

with the test-roller (136) in contact with
the pressure sensor film (144) and ap-
plying the compaction pressure (114),
moving the test-roller (136) across the
pressure sensor film (144);

measuring the compaction pressure
(114) while moving the test-roller
(136) across the pressure sensor film
(144);

determining whether the compaction
pressure (114) is uniform along a test-
contact-interface (146) between the
test-roller (136) and the pressure sen-
sor film (144) when moving the test-
roller (136) across the pressure sensor
film (144); and

validating the test-covering-material
(142) when the compaction pressure
(114) is uniform along the test-con-
tact-interface (146); and

the compaction pressure (114) is deter-
mined as uniform when a variation (118)
in the compaction pressure (114) along
the test-contact-interface (146) is less than
34.4748 kPa (5 PSI).

The method (1000) of claim 1, further comprising
selecting a magnitude (122) of the compaction pres-
sure (114), wherein the magnitude (122) of the com-
paction pressure (114) is selected to conform the
ceramic reinforcement (204) of the ply (202) to a
contour (158) of the compaction-surface (104) and
maintain a desired thickness of the ply (202) while
moving the roller (102) across the ply (202).

The method (1000) of claim 2, further comprising,
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with the roller (102) in contact with the ply-surface
(210), adjusting the magnitude (122) of the compac-
tion pressure (114) using a feedback controller (152).

4. The method (1000) of claim 1, 2 or 3, wherein:

the ceramic reinforcement (204) comprises at
least one of carbon reinforcement fibers, silicon
carbide reinforcement fibers, alumina reinforce-
ment fibers, alumina silica reinforcement fibers,
aluminum nitride reinforcing fibers, silicon ni-
tride reinforcement fibers, mullite reinforcement
fibers, silica/quartz reinforcement fibers, basalt
reinforcementfibers, and zirconia reinforcement
fibers; and/or

the ceramic matrix (208) comprises at least one
of a carbon matrix, a silicon carbide matrix, an
alumina matrix, an alumina silica matrix, an
aluminum nitride matrix, a silicon nitride matrix,
a mullite matrix, a geo-polymer matrix, and a
zirconia matrix.

The method (1000) of any of the preceding claims,
wherein the compaction pressure (114) is approxi-
mately uniform along a contact-interface (116) be-
tween the roller (102) and the ply (202) such that a
variation (118) in the compaction pressure (114)
along the contact-interface (116) is less than
34.4748 kPa (5 PSI).

The method (1000) of any of the preceding claims,
wherein the covering-material (134) is selected such
that a variation (118) in the compaction pressure
(114) along the contact-interface (116) is less than
34.4748 kPa (5 PSI).

The method (1000) of any of the preceding claims,
further comprising:

measuring the compaction pressure (114) while
moving the roller (102) across the ply (202); and
adjusting the compaction pressure (114) in re-
sponse to the measuring when the compaction
pressure (114) is not uniform along a contact-
interface (116) between the roller (102) and the

ply (202).

8. The method (1000) of the preceding claim, wherein:

the step of measuring the compaction pressure
(114) comprises:

positioning a pressure sensor film (144) in
contact with the ply-surface (210) of the ply
(202);

positioning the roller (102) in contact with
the pressure sensor film (144);

applying the compaction pressure (114) to
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the pressure sensor film (144) using the
roller (102);

with the roller (102) in contact with the pres-
sure sensor film (144) and applying the
compaction pressure (114), moving the roll-
er (102) across the pressure sensor film
(144);

measuring the compaction pressure (114)
while moving the roller (102) across the
pressure sensor film (144); and
determining whether the compaction pres-
sure (114) is uniform along a contact-inter-
face (116) between the roller (102) and the
pressure sensor film (144) when moving the
roller (102) across the pressure sensor film
(144); and

the compaction pressure (114) is determined as
uniformwhen a variation (118) in the compaction
pressure (114) along the contact-interface (116)
is less than 34.4748 kPa (5 PSI.

The method (1000) according to any of the preceding
claims, wherein the covering (126) surrounding the
core (124) comprising a closed-cell foam (130) hav-
ing a Shore A hardness of approximately 5.

10. A system (100) for compacting a ceramic composite

material (200), the system (100) comprising:
a roller (102) comprising:

a core (124); and
acovering (126) surrounding the core (124),

wherein the covering (126) is selected such that
a compaction pressure (114), when applied to a
ply (202) of the ceramic composite material
(200), is uniform along a contact-interface
(116) between the roller (102) and the ply (202),
further comprising a test-roller (136) comprising
a test-core (138) and a test-covering (140) sur-
rounding the test-core (138), the test-covering
(140) comprising a test-covering-material (142),
wherein the test-roller is configured for being
positioned in contact with a pressure sensor film
(144), and wherein the test-roller is configured
for applying the compaction pressure (114) to
the pressure sensor film (144), while moving the
test-roller (136) across the pressure sensor film
(144).

11. The system (100) of claim 10, further comprising a

robotic manipulator (148) having an end effector
(150), wherein:

the roller (102) is coupled to the end effector
(150);
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the robotic manipulator (148) is configured for
positioning the roller (102) in contact with a ply-
surface (210) of the ply (202) of the ceramic
composite material (200) positioned on a com-
paction-surface (104);

the robotic manipulator (148) is configured for
applying the compaction pressure (114) to the
ply (202) using the roller (102); and

with the roller (102) in contact with the ply-sur-
face (210) and applying the compaction pres-
sure (114), the robotic manipulator (148) is con-
figured for moving the roller (102) across the ply
(202).

12. The system (100) of clause 10 or 11, wherein:

the covering (126) comprises a covering-mate-
rial (134); and

the covering-material (134) is selected such that
a variation (118) in the compaction pressure
(114) along the contact-interface (116) is less
than 34.4748 kPa (5 PSI).

13. The system (100) of claim 10, 11 or 12, wherein the

covering (126) comprises one of foam (128), closed-
cell foam (130), or an inflatable bladder (132).

14. The system (100) of any of the preceding claims

10-13, wherein the covering (126) comprises a
Shore A hardness of between approximately 1 and
10, preferably between approximately 3 and 7, and
more preferably a Shore A hardness of approxi-
mately 5.

15. The system (100) of any of the preceding claims

10-14, wherein the covering (126) comprises at least
one of silicone, urethane, polyurethane, and latex.
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